The relationship between the bioavailability of dissolved organic matter (DOM) and its bulk chemical composition was examined on three dates at 10 sites on the Ogeechee River, a blackwater river in Georgia, Samples of riverine DOM were concentrated from filtered river water using reverse osmosis. In addition, particulate organic matter (POM), in the form of leaf litter, algae, and macrophytes, was leached with synthetic rainwater to obtain fresh DOM. Elemental composition, carboxylic acid content, and bacterial growth were measured on all samples. The results of this study indicate that fresh DOM in POM leachates is generally more bioavailable than riverine DOM. The bioavailability of riverine DOM appears to be greater under low discharge conditions and decreases with distance downstream. The bioavailability of all DOM samples is very well predicted (r2 = 0.93, II = 20) by an empirical equation of the form: bioavailability = a,, + a,(H: C) + a,(0 : C) + al(N : C). When compositional data arc plotted on a van Krevelen diagram, it is evident that POM leachates and, to a lesser degree, DOM from headwatcr sites have compositions that differ little from simple mixtures of major components of biomass (lipids, sugars, proteins, and lignins). Father downstream, major diagenetic alteration of organic matter is evident from the compositions of DOM samples, whose H : C and 0 : C ratios are lower and higher, respectively, than for any possible mixture of biomass components. Bioavailability of DOM is closely related to the pcrccntage of aliphatic carbon in a sample, and downstream decreases in bioavailability arc mainly attributable to selective degradation of aliphatic carbon in riverine DOM.
carbon in riverine DOM.
Dissolved organic matter (DOM) is an essential component of microbial food webs in natural waters because it is a growth substrate for bacteria that are then consumed by higher trophic levels (Pomeroy 1974) . Only a fraction of the DOM present in natural waters supports bacterial growth, and the bioavailability of DOM varies from <1 to >75% for different molecular weight fractions and in different environments (Table I) . Because of the significance of DOM in microbial food webs and the great variation in its availability to bacteria, researchers have sought simple physical or chemical indicators of the bioavailability of DOM in natural waters. One approach has been to quantify specific biochemical compounds such as sugars and amino acids, whose concentrations may reflect the bioavailability of DOM. This approach is neither simple nor predictive of bioavailability of the entire DOM pool. Separating riverine DOM by molecular size using ultrafiltration showed that bacteria use DOM fractions in the order small > large > moderate (Meyer et al. 1987 ); yet high molecular weight oceanic DOM is more available than low (Amon and Benner 1994) . Hence one cannot use the size distribution of DOM to predict reliably its bioavailability. A third approach is based on a bioassay of bacterial growth after resins are used to separate
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humic and nonhumic fractions that differ significantly in their ability to support bacterial growth (Moran and Hodson 1990) .
DOM in aquatic systems consists mainly of an extremely complex mixture of organic acids, the majority of which are operationally classified as humic substances (Rcuter and Perdue 1977) . L,acking the means to isolate significant quantities of pure substances from DOM, organic geochemists have traditionally used bulk characteristics such as elemental composition (% wt/wt), acidic functional group content [peq (mg C) I], LJV-visible absorptivities [absorbance (mg C) '1, and average molecular weights to describe DOM (Hedges 1990) . In this paper, we evaluate the geochemical approach of using bulk indicators of the nature of DOM (e.g. elemental composition, acidic functional group content, proportions of aliphatic and aromatic carbon) to predict its availability to bacteria.
Methods
Site &scr@tion---Samples used in this study were collected at 10 sampling sites in the drainage basin of the Ogeethee River, Georgia (Fig. 1) . Sites 1, 5, 8, and 10 are on the main stem of the Ogeechee River, and the rest are on tributaries.
The Ogeechee River flows through three physiographic regions in Georgia. Its headwaters are in the Piedmont Province (sites 1, 2), which is an eroded, rolling upland, rich in clay. From its headwaters, the Ogeechee River crosses through the upper Coastal Plain (sites 3-5), which is a rich ._ and its tributaries. agricultural area, and the lower Coastal Plain (sites 6-lo), which has more swampy wetland. In the heavily forested coastal plain, the dominant forms of floodplain vegetation are bottomland hardwoods, pine, and cypress. The Ogeechee is a low-gradient river with several blackwater tributaries. Its DOM comes from several potential sources. Allochthonous sources of DOM include precipitation, leachates from coastal plain soils and riparian plants, buried organic matter, and decomposed particulate organic matter (POM). Macrophytes and benthic algae are autochthonous sources of DOM.
Collection of Ogeechee River DOM-Sampling trips were made when water levels were lower than average (11-14 November 1987 and 25-27 March 1988) , and when water levels were higher than average (29 April 1989) . Discharge records from the U.S. Geological Survey at a gaging station upstream from site 8 indicate that the discharge of the Ogeethee River on the three sampling trips was 7.5-7.8, 47-5 1, and 93 m3 s-l. The annual average discharge at this gaging station is 65 111.~ s-l. On each sampling trip, water samples were collected from 5 to 10 sites along the Ogeechee River and its tributaries; however, only about half of the samples were actually used in this study. A portable reverse osmosis (RO) system (Scrkiz and Perdue 1990) was used to concentrate DOM and other solutes at each field sampling site (Sun et al. 1995) . By continuously circulating water samples through a H ' -saturated cation-exchange resin (AG 5OW-X8) during the RO process, polyvalent cations were removed, thus preventing the formation of CaCO,(s), Fe(OH),(s), and other solid precipitates that could otherwise foul the RO membrane and cause co-precipitation of DOM. At a typical sample site, the DOM in 200 liters of water was prefiltered through a 0.4-pm Nuclepore filter and concentrated into a volume of 20 liters or less at a rate of about 3 liters min-'. The concentrated sample was then filtered through a sterile 0.2-pm filter and stored in sterile bottles. The sterile concentrated samples were packed on ice and transported to the laboratory as soon as possible. In the laboratory, the sterile concentrated samples were kept in a cold room until processed further. The recoveries of dissolved organic carbon (DOC) on each sampling trip, based on average volume and DOC concentrations for all sample sites, are 94, 94, and 83%, respectively.
Collection of leachates-Representative samples of leachable particulate organic matter (POM), specifically fresh benthic algal mats, cypress needle litter (Taxodium distichum), pine needle litter (Pinus spp.), deciduous leaf litter, and macrophyte leaves (Nuphar luteum and Alternanthera philoxeroides), were collected .from the Ogeechee River and its floodplain. The deciduous leaf litter included several common species (Liquidamber syruciflua, Acer rubrum, Quercus laurifolia, Nyssa sylvatica). Leaf and needle litters were air dried, and macrophytes and algae were freeze-dried. A synthetic rainwater solution was prepared from deionized water and inorganic salts (Lee and Weber, 1979; Likens and Bormann, 1972) and equilibrated with atmospheric CO, to obtain a pH of about 5.7. Dried POM samples were leached with synthetic rainwater in a vacuum extractor in a cold room (0-4°C) to minimize the growth of bacteria in the leachate solutions.
Pur$cation of samples-The concentrated samples of Ogeechee River DOM were further concentrated in the laboratory by rotary evaporation (30-34°C). All samples, including leachates, were passed through a H '-saturated cation-exchange resin (AG 5OW-X8) to remove metal cations as completely as possible. After this step, each sample contained DOM, inorganic acids, and dissolved silica. Dissolved silica and inorganic acids (especially H,SO,) were removed with Dowex AG-11 A8 ion retardation resin (Cantrell 1989 ). The method removes over 95% of silica and sulfuric acid but also causes some loss of organic acids. Purified samples were freeze-dried until used in subsequent experiments. On average, about 80% of the original dissolved organic carbon was obtained from collected samples after all purification processes.
Despite having used the fastest, gentlest, and most efficient procedures that are now available for isolation of DOM, the fact remains that the isolated samples probably differ in some way from the original DOM. The measured bioavailabilities and compositions may not be the same as those of the original DOM; however, the isolated samples are still excellent surrogate materials for evaluating the relationship between compositions and bioavailabilities of DOM samples. Similarly, processing of algae and macrophyte samples to obtain POM leachates may have altered both yields and compositions of DOM, relative to natural losses from living tissues in the wild. The point of leaching these materials was to obtain DOM samples that might represent one end of a continuum with respect to bioavailability and composition. To the extent that this was achieved, the POM leachates are valuable samples for evaluating the relationship between compositions and bioavailabilities of DOM samples.
Elemental composition-A Perkin-Elmer model 240C elemental analyzer was used to measure the carbon, hydrogen, and nitrogen contents of all freeze-dried samples. Sulfur was not measured, even though it may constitute up to 1% of the sample. Ash contents were determined gravimetrically as the residue after combustion at 450°C in a muffle furnace. Oxygen was calculated from the percentages of C, H, and N, after correction for ash content.
Bacterial growth analyses-Bacterial growth was quantified by measuring the amount of bacterial biomass produced in 3-d incubations of Ogeechee River bacteria in solutions containing DOM from POM leachates and river water as the sole carbon source (Leff and Meyer 1991) . The Ogeechee River bacteria were collected from Site 8 in July and August 1990, at which time the pH of the river was about 7. River water was first filtered through ashed and rinsed GFK filters to remove protozoa, and then bacteria were concentrated using rinsed O.l-pm Anopore filters.
Each DOM solution was prepared by first dissolving freeze-dried DOM in sterile, deionized water to make a highly concentrated DOM solution. An aliquot of that solution was further diluted to a DOC concentration of 10 mg C liter I with sterilized minimal salts media (Leff and Meyer 1991), adjusted to pH 7, and sterilized by filtering through a rinsed 0.22-pm Millipore GS filter. Triplicate 1 OO-ml flasks of the diluted DOM solution were inoculated with a sufficient volume of the Ogeechee River bacterial concentrate (usually 1 ml) to obtain an initial bacterial concentration of lo9 cells liter-l. Flasks were incubated on a shaker table in the dark at 25°C. s Bacterial growth was determined as the difference between initial and peak (day 3) cell counts minus the mean growth observed in triplicate flasks with no added carbon. Growth in flasks without added carbon averaged 15% of that in flasks containing DOM. The 3-d time period was chosen because bacterial biomass reached a peak after 3 d in earlier experiments (Leff and Meyer 1991) . By use of a Microcomp Particle Analysis software package, the area of representative cells from each carbon source was measured, cell volume was determined and converted to grams of bacterial carbon using a conversion factor of 2.2 X 10. I3 g C pm-j (Bratbak 1985) .
Acid-base titrations-Each DOM sample was redissolved in 15 ml of deionized water and titrated under N,(g) with standardized NaOH. At any point in the alkalimetric titration of a DOM sample, the organic charge (in eq liter I) was obtained from the electroneutrality equation:
where C,, is the concentration of added Nat from the titrant, C, and C, are concentrations of other cations and anions that are present as contaminants in the DOM or as background electrolytes, and [H ' ] and [OH-] are the concentrations of H+ and OH . The latter concentrations were obtained from pH, using the Davies equation to calculate activity coefficients (Perdue 1985; Perdue and Parrish 1987) . The raw data (volume of NaOH, pH) were corrected for dilution and converted into (Z[Org ]/DOC, pH), in which form the bimodal Gaussian distribution model of Perdue and coworders was fit to the data to obtain the concentration of carboxylic acid functional groups (and other related parameters) for a sample (Perdue and Lytle 1983; Perdue et al. 1984 ; Parrish and Perdue 1989). Carbon distribution- Perdue (1984) showed that the most likely proportions of aliphatic, aromatic, and "excess" carbon in a complex mixture such as a humic substance or a DOM sample can be predicted from its elemental composition and carboxyl content. For a given sample, these calculations yield broad distributions of mathematically and chemically plausible values for aliphatic carbon (C,,), which includes all sp3-hybridized carbon in a sample, aromatic carbon (C,,.), which is the sp2-hybridized carbon in all types of aromatic rings, and excess carbon (C,,), which includes the sp2-hybridized carbon of alkenes (C=C) and the carbonyl (C=O) carbon of esters, amides, aldehydes, and ketones. The mean values of those distributions are interpreted as the most probable values for those parameters. The computational procedure was validated by Wilson et al. (1987) , who applied the method to hypothetical compounds of specified structure and composition.
Results and discussion
Bacterial growth and elemental composition-The H : C, N : C, and 0 : C atomic ratios, COOH contents, and normalized bacterial growth (pg bacterial biomass per mg DOC) from the 3-d growth experiments are given in Table 2 . The empirical equation
Growth = a, + a,(H: C) + a,(O: C) + a,(N: C)
provides an excellent prediction of bioavailability of DOM in this study. Multiple linear regression analysis of data in Table 2 for the 20 POM leachates and river DOM samples yielded the following regression parameters: a, = 38.4, a, = 10.6, a2 = -70.9, a3 = 183.2, r2 = 0.933 (see Fig. 2 ). The magnitudes of the individual regression parameters are mainly a reflection of the relative magnitudes of the H : C, 0 : C, and N : C ratios and, as such, are not very significant. Tn contrast, the algebraic signs of the regression parameters are quite informative. Bacterial growth is positively correlated with H : C, which itself is indicative of the relative proportions of aliphatic and aromatic carbon in a sample. In this context, it is interesting to note that humic substances that are generally isolated from natural waters by the XAD-8 extraction procedure have a lower H/C ratio than bulk DOM (Serkiz and Perdue 1990), so they are expected to be less bioavailable than bulk DOM. These predictions are consistent with earlier studies that show that nonhumic substances have higher bioavailability than humic substances (Moran and Hodson 1990) . The negative correlation with 0 : C may indicate that more highly weathered DOM, with its generally higher COOH content, is simply less bioavailable than fresher DOM. The positive correlation between bacterial growth and N : C may indicate that proteinaceous moieties in DOM are preferentially consumed. Of course, this particular set of regression parameters is unique to this study, being dependent on the method of isolation and purification of DOM (i.e. which fractions are lost) and especially on the method of measuring bioavailability (e.g. Leff and Meyer 1991). Nonetheless, a more detailed analysis of the relationship between bacterial growth and elemental composition may lead to a "structural" basis for the success of this empirical re- lationship. Two presented here.
well-established geochemical approaches are
Compositional analysis on a van Krevelen ylot-The elemental composition of DOM can be visualized with a van Krevelen plot (Fig. 3) , which is widely used in geochemistry to illustrate and interpret diagenetic and catagenetic changes in coal and related materials. Here we use this diagram to illustrate the compositional positions of major biochemical components of biomass, POM leachates, and river water samples. Proteins, which are not shown in Fig. 3 , have compositions lying near the center of the triangle that is defined by the compositions of lipids, lignins, and carbohydrates. Any sample of unaltered biomass is expected to have a composition that lies within the biomass triangle, and selective removal of one or more of the major components yields a composition that plots on an edge or apex of the triangle. Compositions lying outside the biomass triangle are generally the result of oxidation, reduction, hydration, and dehydration during early diagenesis. Organic matter whose composition lies near the biomass triangle is thought to be less highly altered by diagenesis than that lying farther outside.
Algal and macrophyte leachates have elemental compositions that are consistent with a mixture of carbohydrates, proteins, and lipids. POM leachates from higher vascular plants (cypress, hardwood, and pine) can also contain ligninderived compounds, and their elemental compositions are consistent with mixtures containing mainly lignin and carbohydrates. The elemental compositions of all river DOM samples lie outside of the biomass triangle, and most fall within the observed compositional range of aquatic fulvic acids (Rice and MacCarthy 1991) . The elemental compositions are consistent with the expected products of diagenetic oxidation and dehydration of organic matter from terrestrial vascular plants. Oxidation displaces the original composition of DOM horizontally to a higher 0 : C ratio, and dehydration shifts the position toward lower H : C and 0 : C ratios along a line with a slope of 2.
It is strikingly evident in Fig. 3 that DOM samples from upstream sites (l-5) have compositions that lie much closer to the triangle than DOM samples from downstream sites (6-10). The blackwater tributaries sites (6, 7) have compositions that plot farthest from the triangle. Regardless of whether diagenetic alteration occurred mainly before or after transport of DOM from the watershed into the river system, it is very reasonable to conclude that the DOM samples from downstream sites and from blackwater tributaries are more highly diagenetically altered than the DOM from upstream sites.
Some natural samples contain tannins (Benner et al. 1990 ), whose compositions would plot to the lower right of the biomass triangle in Fig. 3 . Accordingly, the downstream changes in the compositions of DOM samples could possibly be attributed to a gradual downstream shift to tannin-rich fresh DOM, without invoking diagenetic alteration of DOM at all. This possibility cannot be excluded; however, it is not clear what this tannin-rich source would be. The POM leachates used in this study represent a broad spectrum of DOM sources, and their compositions appear to be attributable mainly to lipids, lignins, proteins, and carbohydrates, not tannins (Fig. 3) . Hence, an explanation of downstream compositional trends based on diagenetic alteration of DOM seems most likely.
Most probable abundances of aliphatic, aromatic, and other carbon-The most probable mole fractions of aliphatic and aromatic carbon in each sample are presented in Table  3 . The remaining carbon in each sample includes carboxyl groups (see Table 2 ) and so-called excess carbon, which, in the case of the model used here, includes alkenes, aldehydes, ketones, esters, and amides. These results indicate that POM leachates from algae and macrophytes are highly aliphatic, which is consistent with their components (lipids, proteins, and carbohydrates). Leachates from cypress, hardwood, and pine are less aliphatic than those from algae and macrophytes, which is appropriate for organic matter that consists mainly of carbohydrates and lignins. They are, however, more aliphatic than many of the Ogeechee River DOM samples. Figure 4 presents the most probable distribution of noncarboxyl carbon on a ternary plot. The highly aliphatic character of algal and macrophyte leachates is clearly evident, as is the much lower aliphatic carbon content of the DOM samples from the two blackwater tributaries (sites 6, 7). It may at first seem surprising that all the other data plot along a more-or-less straight line connecting these "end-members." This is a mathematical consequence of the constraints on chemically possible H : C and U : C ratios for C,,, C,,, C,,, and carboxyl groups, and the need to conserve C, H, N, and U when those components are combined (U is the unsaturation in a sample, which occurs as rings and/or 7~ bonds). DOM samples from the upstream sites are clearly more aliphatic than samples from downstream sites. It is also clear that the three biomass leachates from woody tissues (cypress, hardwood, and pine) are less aliphatic than DOM from most of the upstream sites, but more aliphatic than DOM from the downstream sites. This may imply that the dominant biomass sources of DOM change as the river flows from the Piedmont Province to the upper Coastal Plain to the lower Coastal Plain. Those readers familiar with ternary phase diagrams will also recognize that all the compositions lie along a lint representing continuous loss of the aliphatic carbon. The relative proportions of aromatic and "excess" carbon do not change significantly along the line of data points. If the most probable carbon distributions represent actual carbon distributions in all the samples, then diagenetic processes are mainly causing the removal of aliphatic carbon. The fact that aliphatic carbon is more bioavailable is not only evident from the data in Table 2 and the results in Fig. 4 but is also reflected in the strong positive correlation (r = 0.734, P < 0.01) between bacterial growth (Table 2) and the calculated mole fraction of aliphatic carbon (Table  3) .
Bioavailability of DOM along a river continuum--Now that the relationship between chemical composition and bioavailability of DOM has been established, the relationship between those parameters and the spatial and temporal characteristics of the samples can be examined in more detail, On the main stem of the Ogeechec River (sites 1, 5, 8, and lo), there is a systematic decrease in bioavailability with distance downstream. This trend is clearly seen in data from the November 1987 sampling trip and, to a lesser extent, in Fig. 4 . Most probable structural distribution of organic carbon in biomass leachates (A, algae; C, cypress; H, hardwoods; M, macrophytcs; P pine) and in Ogeechec River DOM samples (sites l-10, see Fig. 1 ). The apices in this ternary plot correspond to 100% aliphatic carbon (C,,), 100% aromatic carbon (C,,,), and 100% "excess" carbon (C,,). The opposite edge from an apex represents 0% of that form of carbon. data from the April 1989 sampling trip. The same trend has been observed in other samples from this river (Leff and Meyer 1991) . The four main stem sites have compositions that progressively move away from the biomass triangle toward lower H: C and higher 0 : C ratios (Fig. 3) , both of which are empirically correlated with decreased bioavailability of DOM. The downstream trend of decreasing aliphatic carbon content for these sites is clearly evident in Fig.  4 . The observed downstream trends in H : C, 0 : C, C;,,, and bioavailability are attributable to changing sources of DOM along the river as well as accumulation of refractory C,,-depleted DOM from upstream and from riparian swamps and tributaries. Sites 6 and 7 are blackwater tributaries that originate in the cxtcnsive riparian wetlands of the lower Coastal Plain. These sites have the highest DOM concentrations observed in this river system (Meyer 1986) . The major components of DOM in blackwater streams have been identified as fulvic and humic acids (Beck et al. 1974) , which arc old, diagenetically altered, and resistant to biodegradation. The data in Table 2 confirm that the DOM from these sites has a very low H : C ratio (< 1 .O) and very low bioavailability. In fact, DOM from these lower Coastal Plain tributaries has lower bioavailability than DOM from other Ogeechee River tributaries (Leff and Meyer 1991). As previously stated, the clemental compositions of DOM from these sites lie farthest outside the biomass triangle in a van Krevelen diagram (see Fig. 3 ), and they contain less aliphatic carbon than other samples (see Fig. 4 ).
For the four main stem sites, the bioavailability of DOM, its compositional similarity to biomass, and its calculated Cal were generally higher in November 1987, when discharge was relatively low (Table 2) . There was not, however, a 1: 1 correspondence between these parameters, suggesting that the chemical composition of DOM is not the only factor affecting bioavailability that is modified by changes in discharge. Earlier studies also found higher bioavailability of DOM at low discharge (Leff and Meyer 199 1). At low summer flows in this river, changes in bacterial abundance downstream were correlated with concentrations of low molecular weight DOM (Sabater et al. 1993) . At high discharge, organic matter and bacteria are washed in from the floodplain (Wainright et al. 1992 ). This organic matter has accumulated in soil horizons for a period of time after being attacked by soil microorganisms. This diagenetically altered DOM appears to be less biodegradable than the DOM collected at low discharge. Low specific growth rate of bacteria at high discharge also suggests that the bacteria washed into the river are inactive (Edwards and Meyer 1986) and are less capable of growth, regardless of the DOM quality (Leff and Meyer 1991) .
Conclusions
In the Ogeechee River system, large spatial and temporal variations in bioavailability of DOM are observed. Bioavailabilities of riverine DOM and POM leachates can bc estimated empirically from the bulk elemental composition of a sample. In general, bacterial growth is positively correlated with H : C and N : C ratios and negatively correlated with the 0 : C ratio. Further analysis of the carbon distribution in these samples (e.g. Cal, C,,., and C,,) provides a structural basis for these observations. These analyses strongly suggest that aliphatic carbon (C,,) is the principal form of carbon being utilized by bacteria and that their ability to utilize DOM decreases as the aliphatic carbon content of the DOM decreases.
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